Influenza A virus is a member of the Orthomyxoviridae and contains a segmented, negative-sense RNA genome that codes for 10 or 11 proteins, depending upon the virus strain (11) . The integral membrane protein M2 is the viral ion channel protein that is required during virus entry (29) and for the production of infectious virus particles (4, 10, 12, 13) . The sequences responsible for the latter map to the cytoplasmic tail of the protein and overlap with a number of sites for posttranslational modification, which include palmitoylation and phosphorylation (7, 26, 31) . Palmitoylation occurs on the cysteine present at amino acid 50 and is not required for ion channel activity of the M2 protein from A/Udorn/72 (H3N2) (7) . Palmitoylation of M2 appeared to be dispensable for the production of infectious virus particles using a reassortant virus consisting of seven segments from an H3N8 subtype virus (A/Equine/ Miami/63) and the M segment from an H1N1 subtype virus (A/Puerto Rico/8/34) (2) . No studies examining the role of M2 palmitoylation in the context of a naturally occurring influenza A virus strain have been published to date.
The significance of palmitoylation of the influenza A virus hemagglutinin (HA) protein can vary among virus strains. Palmitoylation of HA from an H7 and an H1 but not an H3 subtype is required for efficient membrane fusion (5, 24, 32) , whereas palmitoylation of HA from an H3 but not an H1 subtype is required for virus assembly (5) . An analysis of 3,532 sequences of influenza isolates from humans revealed that the M2 residue C50 is conserved in a strain-specific manner. A total of 2,602 of 2,610 H3N2 sequences code for a cysteine at this position; the cysteine, however, is conserved in only 330 of 1,051 H1N1 sequences (data not shown). A serine residue is substituted for cysteine in the majority of the H1N1 viruses that do not have a cytoplasmic palmitoylation site; the newly emerged 2009 H1N1 influenza A viruses, however, do have a cysteine at this position (3) . The sequence alignment data are consistent with a strain-specific selective pressure to maintain the palmitoylation site on the M2 protein. Interestingly, other M2 cytoplasmic tail sequences display differential effects on infectious virus production, depending on the strain used (12) .
To investigate the role of M2 palmitoylation in influenza A virus replication, we substituted a serine for the cysteine residue at position 50 (C50S) of the M2 protein in two influenza A virus strains, A/Udorn/72 (H3N2) (rUdorn) and A/WSN/33 (H1N1) (rWSN). The resultant viruses were tested for their ability to replicate in tissue culture cells, and the mouseadapted virus was tested for virulence in a mouse model of infection. Neither mutant virus showed any defect in virus replication in tissue culture cells, in differentiated murine primary trachea epithelial cells (mTEC), or in the lungs of infected mice. The viruses lacking a palmitoylation site, however, did have a modest reduction in virulence, suggesting that M2 palmitoylation is dispensable for in vitro replication but contributes to virus virulence in vivo.
MATERIALS AND METHODS
Cells and viruses. MDCK cells, human lung carcinoma cells (Calu-3), and human embryonic kidney cells (293T) were cultured in Dulbecco's modified Eagle medium (DMEM; Sigma) containing 10% fetal bovine serum (Atlanta Biologicals, Inc.), 100 U of penicillin/ml (Invitrogen), 100 g of streptomycin/ml (Invitrogen), and 1 mM sodium pyruvate (Sigma). The cells were incubated at 37°C and 5% CO 2 .
Viruses. Viruses were propagated on MDCK cells in DMEM containing 100 U of penicillin/ml, 100 g of streptomycin/ml, 0.3% bovine serum albumin (BSA; Calbiochem or Sigma), and 4 g/ml N-acetyl-trypsin (Sigma). The parental viruses used in this study were rUdorn (a recombinant virus derived from A/Udorn/72) and rWSN (a recombinant virus derived from A/WSN/33), which have been described previously (10, 13, 15, 29) . The plasmids pHH21 M-Udorn and pHH21 M-WSN (15, 29) were altered from cysteine to serine at codon 50 of the M2 open reading frame by site-directed mutagenesis. Recombinant viruses were generated and plaque purified, and the sequence of the M segment of the viral RNAs was verified.
Infection of tissue culture cells. Low-multiplicity growth curves on MDCK cells were carried out in triplicate by infecting confluent monolayers grown in 24-well plates at a multiplicity of infection (MOI) of 0.001 50% tissue culture infective dose (TCID 50 ) per cell (three wells per virus at each time point). Cells were infected for 1 h at room temperature, the inoculum was aspirated, and 0.5 ml DMEM containing 4 g/ml N-acetyl-trypsin, penicillin, streptomycin, and 0.3% BSA was added to each well. At the indicated times, the medium was removed and stored at Ϫ80°C. The amount of infectious virus present in each sample was determined by TCID 50 assay as previously described (13, 20) .
Infection of Calu-3 cells was carried out in manner similar to the experiments with MDCK cells, with the following exceptions. Calu-3 cells were grown on 0.33-cm Transwell inserts, and once a transepithelial resistance of approximately 400 ⍀ ⅐ cm 2 was reached, the cells were infected as described above for MDCK cells except that N-acetyl-trypsin was omitted. At the indicated times, the medium in the apical chamber was removed, stored at Ϫ80°C, and replaced with 150 l of fresh medium.
High-multiplicity infections of MDCK cells were carried out in T75 flasks (MOI ϭ 3). Cells were infected at room temperature for 1 h in DMEM containing penicillin, streptomycin, and 4 g/ml N-acetyl-trypsin. The inoculum was then removed, the cells were washed three times with phosphate-buffered saline (PBS), then 10 ml DMEM containing penicillin and streptomycin was added and the flasks were incubated at 37°C and 5% CO 2 for 15 h. Supernatants were centrifuged at a low speed to remove cell debris and layered onto a 20% sucrose cushion. Virus particles were pelleted at 71,000 ϫ g in a TH641 rotor (Sorval) for 1 h at 4°C. Supernatants were aspirated, and the pellets were resuspended in PBS. An aliquot was removed for determination of infectious titer, and 4ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer was added to the remaining sample for subsequent Western blot analysis.
Infection of primary mouse trachea epithelial cells. Primary mTEC cultures were generated as described previously (8, 17, 23) . The cells were infected, and samples were harvested as described above for experiments with Calu-3 cells except that 3,300 TCID 50 per well were used to infect the cells. If all of the cells in the culture were susceptible to influenza virus infection, this amount of virus would correspond to an approximate MOI of 0.01 (16) .
Western blotting. Samples were analyzed by Western blot analysis as described previously (13) . Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane (Immobilon-FL; Millipore). All antibodies were diluted in 5% skim milk in PBS-0.3% Tween 20. The antibodies used in this study were (i) 14c2 (anti-M2 monoclonal antibody) (35) , (ii) anti-A/Udorn/72 virus goat serum (37), or (iii) a combination consisting of an anti-M1 monoclonal antibody (HB-64; American Type Culture Center), an anti-NP monoclonal antibody (HB-65; American Type Culture Center), and V-314-511-157 (a polyclonal goat anti-H0 A/PR/8/34 antibody; National Institute of Allergy and Infectious Diseases). Antibodies were detected with species-specific secondary antibodies conjugated to Alexa Fluor 647 (Invitrogen), and the blots were imaged using an FLA-5000 phosphorimager (Fujifilm).
Immunofluorescence microscopy. MDCK cells were grown to confluence on tissue culture-treated glass coverslips. The medium was changed every other day, and infections were initiated on the fifth day after reaching confluence. Approximately 5 ϫ 10 4 TCID 50 rUdorn or rUdorn-M2C50S was used per coverslip. At 15 h postinfection (p.i.), the cells were placed on ice and incubated with goat anti-H3 sera raised against HA from A/Aichi/2/68 (V-314-591-157; National Institute of Allergy and Infectious Diseases) diluted in DMEM-5% fetal bovine serum for 1 h. After washing with ice-cold PBS, the cells were fixed with 3% paraformaldehyde-2% sucrose in PBS for 10 min. Samples were then washed three times with PBS-1% BSA-0.1% saponin (washing buffer) and incubated with donkey anti-goat immunoglobulin G conjugated with Alexa Fluor 555 (Invitrogen) and 4Ј,6-diamidino-2-phenylindole (DAPI; Roche Molecular Biochemical) diluted in washing buffer for 1 h at room temperature. Cells were washed three times with washing buffer and once with PBS before being mounted with ProLong Gold antifade reagent (Invitrogen).
Samples were imaged with a Leica confocal microscope (405-nm and 543-nm laser lines). For high-magnification images, a ϫ63 oil-immersion objective was used, and Z sections were taken at 0.5-m intervals. Projections were made using the LSM Image Browser software (Zeiss). For quantitation of the extent of filament formation, images of 10 adjacent, nonoverlapping fields of view were taken in each of two independent experiments (ϫ20 objective; Z sections taken at 1.9-m intervals), and projections were made. Cells were then scored for whether they did or did not show filaments on their cell surfaces, and the percentage of infected cells with filaments in each field of view was calculated.
Animal experiments. Six-to 8-week-old female BALB/c mice (Charles River) were infected with mouse-adapted rWSN or rWSN-M2C50S by the intranasal route as previously described (34 For experiments to examine virus load and cytokine production in the lungs, a total of seven animals from two independent experiments were infected with 10 5 TCID 50 for each virus. On days 3 and 5 p.i., animals were euthanized and the lungs were removed and flash frozen. Lungs were then weighed and homogenized in an appropriate volume of DMEM-penicillin-streptomycin-0.3% BSA-4 g/ml N-acetyl trypsin to make a 10% (wt/vol) homogenate. The amount of virus in each sample was determined by TCID 50 assay.
Enzyme-linked immunosorbent assays. Supernatant from homogenized lung tissue was used to measure macrophage inflammatory protein 1␣ (MIP-1␣) (mouse CCL3/MIP-1 alpha DuoSet; R&D Systems) and interleukin-10 (IL-10) (OptEIA mouse IL-10 enzyme-linked immunosorbent assay set; BD Biosciences) using the manufacturers' protocols. Protein concentrations are expressed relative to grams of lung mass.
Statistical analyses. Infectious virus production and body mass changes were analyzed using mixed analyses of variance with time and virus as the independent variables. Virus titers and concentrations of protein in the lungs were analyzed with two-way analyses of variance. Differences in the percentage of cells with filaments and the average day of death were calculated using t tests. If the data violated the assumptions of a normal distribution, then nonparametric tests were used. The mean day of death was determined by the Mann-Whitney rank sum test. Significant interactions were further evaluated using Tukey's test or the Dunn method for pairwise multiple comparisons. Mean differences were considered statistically significant if the P value was Ͻ0.05.
RESULTS

Growth of M2 palmitoylation mutant viruses in vitro.
The effect of M2C50S mutations on the production of infectious virus was determined with low MOI growth curves on MDCK cells (Fig. 1A and B) . Cultures infected with wild-type and mutant viruses developed virus-induced cytopathic effect (CPE) at a similar rate and to a similar extent (data not shown). Statistically significant differences in the amount of infectious virus produced by MDCK cells were not detected, indicating that palmitoylation of M2 is not required for the production of infectious H3N2 or H1N1 viruses in this cell type. To verify that the viruses did not simply revert to wild type, viral RNA was isolated from supernatants harvested at 48 h p.i. from duplicate wells of rUdorn-M2C50S-and rWSN-M2C50S-infected cells. Reverse transcription-PCR specific for the M segment was carried out, and the product was sequenced. All of the samples examined still contained the C50S mutation (data not shown), indicating that the lack of attenuation in vitro was not due to reversion of the C50S mutation.
To determine whether there is a requirement for M2 palmitoylation in polarized respiratory epithelial cells, Calu-3 cells were infected. Calu-3 cells are derived from human lung tissue and can support infection with a number of respiratory viruses, including influenza A virus (30, 36) and severe acute-respiratory syndrome coronavirus (25) . Cells were grown on Transwell inserts and were infected 4 to 5 days after confluence. At this time, the cells exhibited transepithelial resistance readings of Ͼ400 ⍀ ⅐ cm 2 , suggesting that they had formed a polarized monolayer (6) . At the indicated times, the apical supernatants were harvested and replaced with fresh medium and the amount of infectious virus in each sample was determined on MDCK cells. As shown in Fig. 1C and D, there were strainspecific differences in the kinetics of virus replication on this cell type with peak infectious virus titers at 48 h p.i. for rUdorn and 72 h p.i. for rWSN. In addition, the amount of CPE produced by the replication of each strain was different. The rWSN-infected cells exhibited very little CPE, whereas rUdorn produced complete cell death in the monolayer by 48 h p.i. (data not shown). However, each of the M2C50S mutants exhibited CPE, replication kinetics, and peak titers that were similar to those of the parental control virus, indicating that C50 (and, therefore, M2 palmitoylation) is not required for replication in polarized Calu-3 cells.
Effect of M2C50S mutation on virus assembly. To determine whether palmitoylation of M2 affected the incorporation of proteins into virions, Western blot analysis for HA, NP, M1, and M2 proteins was carried out on virus particles concentrated by ultracentrifugation ( Fig. 2A and B) . For better visualization of M2 in virions, larger sample volumes (fivefold for Udorn and twofold for WSN) of the same virus preparations were used in the Western blot analyses (Fig. 2C and D) . Although the two virus strains differed in the amount of M2 protein incorporated into virions, no defect in the amount of NP, M1, or M2 incorporation was detected for either of the M2C50S viruses, suggesting that palmitoylation of M2 is not required for virus assembly in MDCK cells. Consistent with published results (2, 7) , introduction of the C50S mutation did not have an adverse effect on M2 protein expression level or oligomerization (data not shown). M2 and NP were both detected as multiple bands, which is likely due to cleavage by cell proteases as described previously (38) .
Effect of M2C50S mutation on filament formation. Most clinical isolates of influenza A virus and some laboratory strains (e.g., A/Udorn/72) form filamentous particles in addition to spherical particles (14, 21, 22 ) on a subset of infected MDCK cells. These long filaments can be visualized by immunofluorescence staining for HA. To determine whether M2 palmitoylation affects the formation of filaments on virus-infected cells, MDCK cells were infected with rUdorn or rUdorn-M2C50S. At 15 h p.i., the cells were immunostained for cell surface HA and nuclei counterstained with DAPI. The samples were then examined by confocal microscopy, and the relative number of infected cells that showed HA-positive filaments was determined (Fig. 3A and B) . The filaments produced by cells infected with rUdorn-M2C50S were generally similar to those produced by cells infected with rUdorn. There were no obvious defects in either the number or the length of the filaments produced by rUdorn-M2C50S-infected cells. Quantitation of the percentage of infected cells with filaments in a total of 20 fields viewed with a ϫ20 objective taken in two independent experiments also revealed no statistically significant differences between infection with rUdorn and rUdorn-M2C50S (Fig. 3C) . These data indicate that M2 palmitoylation 
Effect of M2C50S mutation of virus virulence.
To determine whether M2 palmitoylation is required for virulence of influenza in vivo, female BALB/c mice were infected intranasally with the mouse-adapted rWSN or rWSN-M2C50S viruses as described previously (34) . Mice were weighed daily, and the day of death was recorded (Fig. 4A to C) . There was a significant delay in the time of death (P Ͻ 0.05) between mice infected with 10 5 TCID 50 of rWSN (7.90 Ϯ 0.18 days) and mice infected with 10 5 TCID 50 rWSN M2C50S (10.30 Ϯ 0.84 days). The survival curve for rWSN, however, was similar to that of mice infected with a 10-fold-higher dose of rWSN-M2C50S (Fig. 4A) .
When mice were infected with a low dose (i.e., 10 3 TCID 50 per animal), all the mice survived, but mice infected with rWSN-M2C50S lost significantly less weight (P Ͻ 0.05) than mice infected with rWSN (Fig. 4B) . When mice were infected with higher doses of virus, there was no difference in weight loss (Fig. 4C) .
When mouse lungs were examined for the extent of virus replication, there was no statistical difference in the amount of virus in the lungs of rWSN-or rWSN-M2C50S-infected mice (Fig. 4D) . Because the production of pro-and anti-inflammatory cytokines can have a significant effect on influenza A virus-induced disease in mice (19, 27, 28) , concentrations of the anti-inflammatory cytokine IL-10 and the inflammatory chemokine MIP-1␣ (CCL3) were measured. Although concentrations of both cytokines were higher at 5 days p.i. than 3 days p.i., the levels were not statistically different between rWSNand rWSN-M2C50S-infected mice (Fig. 4E and F) . These data indicate that although the M2C50S mutation leads to a modest attenuation of influenza A virus virulence in the mouse model of infection, this attenuation cannot be attributed to statistically significant changes in virus load or to altered IL-10 or MIP-1␣ production in the lungs at the time points analyzed.
As a more stringent test of whether the M2C50S mutation affects virus replication in vitro, primary mTEC were prepared and infected with rWSN or rWSN-M2C50S. The rWSN virus strain was chosen for these studies, as rWSN is mouse adapted and replicates efficiently in these cultures (17) . As shown in Fig. 5 , there was no statistically significant difference in the amount of infectious rWSN-M2C50S produced by primary mTEC cultures compared to rWSN. These data suggest that the M2C50S mutation does not alter infectious virus production in mTEC cultures, consistent with the virus load data in infected mouse lungs.
DISCUSSION
Together, these data indicate that although alteration of the palmitoylation site in M2 does not affect virus replication, assembly, or filament formation in tissue culture cells, it does have a minor effect on the virulence of the virus in vivo. There are several examples of mutations to the M2 cytoplasmic tail that result in viruses that have no obvious defects for in vitro replication but are attenuated in the mouse model of infection (33, 34) ; the mechanism(s) of attenuation, however, has yet to be identified. In the present study, the extended survival of mice infected with the mutant virus did not reflect any statistically significant change in the concentration of IL-10 or MIP-1␣ in the lungs, nor was there any change in virus load in the lungs or in mTEC cultures. Defining the precise mechanisms responsible for the subtle change in rWSN-M2C50S virulence awaits a more extensive analysis of virus replication in vivo. Because virus replication in differentiated mTEC cultures was not affected by mutation of the palmitoylation site in M2, it is interesting to speculate that the interaction of M2C50S viruses with other cell types in the lungs-dendritic cells, or macrophages, for example (9)-may be important in the attenuation observed with rWSN-M2C50S.
Interestingly, C50 is highly conserved in human H3N2 isolates but not human H1N1 isolates. Therefore, one might predict that this mutation would have a more severe effect on the in vivo virulence of an H3N2 virus than that seen with the H1N1 rWSN virus tested in this study. This hypothesis, however, could not be tested, because the H3N2 rUdorn strain used in this study is not mouse adapted and does not cause a significant infection in mouse models (1, 18) . Incorporating the M2C50S mutations into a mouse-adapted H3 virus would allow for the determination of the importance of M2 palmitoylation in this antigenic subtype of influenza A viruses. In contrast to the critically important role of palmitoylation of the HA protein for virus replication in vitro, palmitoylation of the M2 protein appears to be dispensable for replication in a number of different cell types and culture systems. The expression, oligomerization, and ion channel activity of Udorn M2C50S is comparable to that of wild-type M2 (7). The introduction of a C50S mutation into a reassortant virus consisting of the M segment of A/Equine/Miami/63 (H3N8) into the A/PR/8/34 genetic background increases infectious virus production after infection of MDCK cells (2) , which contrasts with our data from infected MDCK cells, Calu-3 cells, and mTEC cultures. The reason for this discrepancy is not clear, but one obvious difference is that the present study focused on introducing mutations into a naturally occurring, wild-type influenza virus strain, while Castrucci et al. used a reassortant virus consisting of one equine influenza A virus segment in the genetic background of a mouse-adapted human influenza A virus. Interestingly and consistent with our results with infected mice, the virus that lacked M2 palmitoylation sites replicated in a manner identical to that of the wild-type virus in infected ferret nasal turbinates (2) . Future studies into the mechanism(s) of in vivo attenuation of M2C50S and other more severely attenuated M2 cytoplasmic tail mutants should lead to a better understanding of influenza virus virulence and the pulmonary response to influenza virus infection.
